ABSTRACT The organ of Corti, the sensory epithelium of the mammalian cochlea, develops from a subset of cells located along the dorsal side (referred to as the floor) of the cochlear duct. Over the course of embryonic development, cells within the developing organ of Corti become committed to develop as each of the unique cell types within the organ, including inner and outer hair cells, and at least four different types of supporting cells. Moreover, these different cell types are subsequently arranged into a highly rigorous cellular mosaic that includes the formation of ordered rows of both hair cells and supporting cells. The events that regulate both the location of the organ of Corti within the cochlear duct, the specification of each cell type and cellular patterning remain poorly understood. However, recent results have significantly improved our understanding of the molecular, genetic and cellular factors that mediate some of the decisions required for the development of this structure. In this review I will present an overview of cochlear development and then discuss some of the most recent and enlightening results regarding the molecular mechanism underlying the formation of this remarkable structure.
Introduction
Vertebrates perceive sound, pressure and motion through the vibration of stereociliary bundles located on the lumenal surfaces of mechanosensory hair cells. In most cases, hair cells and associated non-sensory cells, referred to as supporting cells, are arranged in loosely organized clusters that can contain from as few as 10 hair cells in a lateral line neuromast in a fish or salamander (Metcalfe et al., 1985) to more than 200,000 in the macula neglecta of a mature shark (Corwin, 1977) . In contrast, the sensory epithelium of the mammalian cochlea (the organ of Corti) contains only a few thousand hair cells but these cells are arranged into four or five discreet rows. Moreover, supporting cells are similarly arranged into highly ordered rows that interdigitate between the rows of hair cells to form an invariant mosaic (reviewed in Kelley, 2006) . The factors that regulate the development of this remarkable structure remain largely unknown. However, our understanding of the genes and cellular interactions that mediate its formation has increased considerably in the last 10 years. This review will attempt to summarize recent results that have contributed to advances in our understanding, as well as to summarize the cellular interactions that mediate the progression of cells from otic precursors to differentiated hair cells or supporting cells.
Morphological development of the mammalian cochlear duct
In mice, the most comprehensive model system for the developing mammalian cochlea, the cochlear duct arises as a ventral out-pocketing of the developing otocyst beginning around E11 (Morsli et al., 1998) . By E12 the chirality of the growing duct becomes obvious as it begins to coil. Cochlear extension and coiling will continue until approximately E19 or P0, at which time the duct will have reached it mature shape of approximately 1.75 turns. The duct itself is comprised of pseudostratified epithelial cells derived from the otic placode. Even at the earliest time points following the initiation of cochlear outgrowth, the dorsal half of the duct, typically referred to as the floor, is already comprised of a notably thickened epithelium that contains 5 or 6 layers of cells (Retzius, 1884; Kikuchi and Hilding, 1965; Sher, 1971; Anniko, 1983; Lim and Anniko, 1985) . Between E11 and E13, cells along the modiolar-to-strial axis of the cochlear duct appear largely homogenous. Beginning around E13, cells located in a domain that spans from the approximate midline of the mediolateral axis of the floor to a point midway between the midline and the strial edge become post-mitotic (Ruben, 1967) . The most obvious morphological manifestations of this change are the absence of internuclear migration and the basal localization of most cell nuclei (Kelley and Bianchi, 2001) . Cells within this post-mitotic region, also referred to as the zone of non-proliferation (ZNP) (Chen and Segil, 1999) , are thought to comprise the prosensory domain that will give rise to all of the cells within the organ of Corti (Kelley et al., 1993) . While classic lineage analysis studies have not been carried out to confirm that assumption, it has been shown that most of the cells that will develop as hair cells and supporting cells arise from this population of post-mitotic cells (Chen and Segil, 1999; Chen et al., 2002) . In addition to a spatial restriction along the modiolar-to-strial axis, terminal mitoses also occur in a stereotypical gradient along the basal-to-apical axis in which cells located at the apex of the cochlear duct are the first to become post-mitotic (Ruben, 1967; Lee et al., 2006) . Terminal mitosis then progresses as a wave that extends towards the cochlear base with the last cells becoming post-mitotic between E14 and E14.5. At the lumenal surface, cellular profiles within the prosensory domain become constricted relative to surrounding cells leading to a smaller lumenal surface areas (McKenzie et al., 2004) (Fig. 1) .
The first indication of cellular differentiation within the prosensory domain is observed in the mid-basal region of the cochlea between E14 and E15. Developing inner hair cells can be identified based on an increase in the size of their nuclei, a more lumenal position of those nuclei and on an accumulation of actin at their lateral boundaries (Fig. 1 ). Inner hair cell differentiation then proceeds in a gradient that extends towards both the apex and the base of the cochlear spiral (Rubel, 1978) . The order of subsequent cellular differentiation within the organ of Corti remains unclear. Developing outer hair cells can be observed by E15 to E16, but developing supporting cells, in particular pillar cells, become morphologically distinct around the same time, making it difficult to determine which cells, if either, arise first.
An analysis of the initial positions of developing inner hair cells indicates that these cells do not arise at the site of their final position within the organ of Corti (McKenzie et al., 2004) . Rather, inner hair cells can arise at a distance of 10 to 15 microns away from their final location. This observation suggests that subsequent cellular movements may occur to facilitate the final alignment of the inner hair cell row. Similar rearrangements have been observed in developing outer hair cells, suggesting similar cellular movements (McKenzie et al., 2004) . (Fig. 2) . A single row of inner hair cells is located on the modiolar edge. Each inner hair cell is separated from the neighboring inner hair cells by a single inner phalangeal cell and the modiolar border of each inner hair cell is typically contacted by a single border cell. The strial edge of each inner hair cell contacts the single row of inner pillar cells, however prior to birth, slender projections from additional inner phalangeal cells are present between inner hair cells and pillar cells. As development proceeds, the developing inner pillar cell head expands to cover the lumenal projection of the strial phalangeal cell. Outer pillar cells are initially aligned in a single row located strial to the inner pillar cells. With continued development, the inner pillar cell head also expands to cover the bulk of the outer pillar cell. However, at the same time, the outer pillar extends a strial projection at the lumenal surface that creates an interdigitation between each of the first row outer hair cells. Since each outer hair cell is separated from each neighboring outer hair cell by a single cell, the number of outer pillar cells and first row outer hair cells is nearly or exactly the same. Outer hair cells in the second row are arranged approximately 1/2 cycle out of register from outer hair cells in the first row and are again separated from one another by single lumenal projections from underlying Deiters' cells. Third row outer hair cells are similarly shifted relative to second row cells, again with single Deiters' cells in between each. Finally, the strial edges of the third row outer hair cells are bounded by a single row of Deiters' cell. The number of cells in this row is not as tightly regulated and can be variable in number. Strial to the third row of Deiters' cells are single rows of Hensen's and then Claudius cells. Since there is no strict definition for a supporting cell, it is not completely clear whether Hensen's and Claudius cells should be considered as such. However, they do appear to arise from cells within the ZNP and therefore probably derive from the prosensory domain (Chen and Segil, 1999) . Since the cellular pattern of the organ of Corti is essentially complete by P0, the developmental events that regulate its formation occur during the relatively short time period between E10 and P0.
Kolliker's organ and the Greater Epithelial Ridge
As discussed, only approximately 25% of the cells within the cochlear duct become part of the prosensory domain. Cells located in the modiolar half of the duct and in the strial-most 25% ultimately develop as the inner and outer sulci, respectively. In the adult, both sulci are comprised of a monolayer of large cuboidal epithelial cells that appear largely unremarkable. While the cytologic changes that occur during outer sulcus formation have not been studied extensively, remodeling of the inner sulcus cells has been shown to be dependent on thyroid-hormone mediated expression of p75 ntr leading to cellular apoptosis (Knipper et al., 1999) . Elimination of a large percentage of the cells within the developing inner sulcus is consistent with the observation that this region of the cochlear duct contains a large number of cells in the embryo. Moreover, the recent demonstration that cells located within this region of the cochlear duct can develop as either hair cells or supporting cells has resulted in increased interest in this population Kawamoto et al., 2003; Woods et al., 2003) .
There has been some confusion regarding the precise terminology for these cells. When first demonstrated that transfection of Atoh1 was sufficient to induce hair cell formation in this region of the cochlea, they referred to the cell population as the Greater Epithelial Ridge (GER). However, a subsequent study demonstrating a similar ability for supporting cell formation, referred to these cells as Kolliker's organ (Woods et al., 2004) . Considering the increased interest in and relevance of this cell population, it seems reasonable to review the historical data in an effort to identify the most appropriate definition for this population. Albert von Kolliker first described the thickened epithelial cells located in the embryonic cochlear duct in 1863 (Kolliker, 1863). However, it was Victor Hensen that first referred to these cells as Kolliker's organ (Hensen, 1863) . While the term Kolliker's organ has been used to describe the immature stage of the organ of Corti (Lim and Rueda, 1992) , an examination of the original Kolliker monograph suggests that he was referring to the thickened epithelium that ultimately thins to form the inner sulcus (Fig. 3) .
The greater or inner epithelial ridge refers to the thickened ridge of epithelial cells that extends from the modiolar edge of the cochlear duct to a distinct notch that forms at the location of the developing pillar cells (Lim and Anniko, 1985) (Fig. 3) . Therefore, the GER contains both Kolliker's organ and those aspects of the organ of Corti, inner hair cells, inner phalangeal cells and border cells, located on the modiolar side of the pillar cells. Whether inner or outer pillar cells should be considered as part of the GER is unclear. Similarly, the lesser or outer epithelial ridge (LER) contains the remainder of the organ of Corti as well as the cells that will ultimately develop as the outer sulcus. While the working definitions of the GER and LER are based on morphology, recent work has demonstrated that the common boundary between the two can also be defined molecularly through the expression of the adhesion molecules Ncad and Ecad (Simonneau et al., 2003) . Ncad is expressed in the strial half of Kolliker's organ, inner hair cells and associated supporting cells and inner pillar cells, while Ecad is expressed in outer pillar cells, outer hair cells and associated supporting cells and throughout the LER. In addition, Fgf10 is expressed predominantly in the strial half of GER with a sharp boundary at the border between inner hair cells and pillar cells (Pauley et al., 2003) .
Therefore, based on the historical descriptions of this region, it seems that the most appropriate definition for the population of cells located between the prosensory domain and the modiolar edge of the cochlear duct would be Kolliker's organ.
Specification of the cochlear prosensory domain
As discussed, the first step in the development of the organ of Corti is believed to be the specification of the prosensory domain (Kelley et al., 1993) . Our understanding of the factors that mark and specify prosensory domains within the otocyst has increased significantly in recent years, but as will be discussed, there are some important differences in terms of gene expression between the apparent cochlear prosensory domain and other prosensory domains within the otocyst. A number of markers, including Bmp4, Lunatic Fringe (Lfng), Jagged1/Serrate1 (Jag1), Islet1, Prox1, Sox2 and Fgf16, have all been shown to be expressed in patterns that are consistent, to some extent, with the early development of most prosensory domains (Wu et al., 1996; Morsli et al., 1998; Li et al., 2004; Radde-Gallwitz et al., 2004; Bermingham-McDonogh et al., 2006; Chapman et al., 2006; Pujades et al., 2006) . However, functional data for a role in prosensory specification is only available for a much smaller group of candidates that is limited to Bmp4, Jagged1 and Sox2.
Bmp4 and prosensory specification
The first gene to be shown to be expressed in a pattern consistent with prosensory formation was Bone Morphogenetic Protein 4 (Bmp4) (Wu et al., 1996; Cole et al., 2000) . In the chicken, initial expression of bmp4 is observed in a somewhat broad and diffuse pattern along the posterior ventral edge of the developing otic cup . As the cup closes, bmp4 expression resolves to a single posterior ventral spot and an anterior ventral stripe. Subsequently, bmp4 expression can be localized to each of the developing sensory patches. Prior to differentiation, bmp4 is expressed in all cells within the patch, but later becomes restricted to supporting cells. In mice, Bmp4 expression similarly defines the prosensory patches that will give rise to the three cristae, but surprisingly is not expressed in the prosensory patches that will give rise to the utricular or saccular maculae or the organ of Corti (Morsli et al., 1998) . However, Bmp4 is expressed in the population of cells located adjacent to the strial edge of the organ of Corti, possible including cells the will develop as Hensen's and Claudius cells.
Based on its pattern of expression and its role in cell fate specification in other systems, Bmp4 appears to be a good candidate to act as a prosensory inducer, at least for a subset of prosensory domains. However, modulation of Bmp4 signalling in developing chick embryos through the ectopic expression of Noggin, a Bmp4 inhibitor, produced equivocal results in terms of a direct role for Bmp4 on prosensory patch formation (Chang et al., 1999; Gerlach et al., 2000) . While sensory patches were affected when located near a source of Noggin, the most common change was in cellular patterning rather than in the size of the sensory patch. Since the presence of Noggin results in significant morphological changes in the overall structure of the inner ear, the basis for the sensory defects was not clear.
More recently, two separate studies addressed the role of Bmp4 in hair cell formation in vitro using chick otocyst cultures. Surprisingly, despite using similar protocols and reagents, the two studies obtained opposing results, with one concluding that Bmp4 promotes hair cell formation (Li et al., 2006) , while the other indicated an inhibitory role for Bmp4 (Pujades et al., 2006) . The basis for these different results is unclear, but may be related to differences in the concentrations of Bmp4 and the duration of the culture period utilized in the two studies. Li et al. (2006) observed a significant increase in hair cell formation in otocysts after 7 days in the presence of 3 to 5 ng/ml of Bmp4 but also found a downward trend in hair cell number at concentrations between 10 and 20 ng/ ml. In contrast, Pujades et al. (2006) observed a decrease in the expression of the early hair cell marker cath1 (chicken Atonal homolog) after only 18 hours in the presence of 50 ng/ml of Bmp4. Perhaps more intriguing, despite using very similar concentrations of the Bmp-inhibitor Noggin (0.75 mg/ml versus 1.0 mg/ml), the two studies reached opposite conclusions about the effects of inhibition of Bmp4, with one finding that hair cell number was decreased (Li et al., 2006) while the other found an increase (Pujades et al., 2006) . Again, it seems possible that the differences in the durations of the experiments could account for the differing conclusions.
A third experiment examined the role of Bmp4 signalling in the developing mammalian cochlea in vitro (Puligilla et al., 2007) . However, in contrast with the experiments described above, modulation of Bmp4 signalling was not initiated until E16, well after the specification of the prosensory domain. The results of these experiments indicated an inductive effect on hair cell formation for Bmp4-soaked beads and an inhibitory effect on hair cell formation in the presence of Noggin. These results would appear to agree with those of Li et al. (2006) , but it is important to consider that Bmp4 could act at two different stages in development of inner ear sensory epithelia. In the chick experiments described above, modulation of Bmp signalling was initiated at the otocyst stage, presumably prior to or concomitant with prosensory formation, while the mouse experiments were delayed until a time point that appears to be well past prosensory specification, suggesting that in this case Bmp signalling is acting on the determination of individual cell fates. One of the challenges in differentiating effects on the specification of the prosensory domain versus individual cell fates has been the lack of conclusive markers for prosensory cells. While several genes are initially expressed in all prosensory cells, most, including Jagged1, Sox2, Lfng and p27 kip1 , are maintained in supporting cells, making it difficult to determine specific effects on prosensory formation.
In summary, the existing data on the role of the BMP signalling pathway in the specification of prosensory domains suggests varied and complex activities. However, considering the well documented effects of BMP signalling throughout vertebrate development (reviewed in Massague et al., 2005) , it is not surprising that BMP signalling probably plays a similar role in the inner ear. Further studies on the role of this pathway, including an examination of the complex signalling interactions between BMPs and other pathways that regulate aspects of early inner ear formation, such as Fgf, Hedgehog and canonical Wnt signalling (Riccomagno et al., 2002; et al., 2005) , should lead to insights into the molecular regulation of prosensory specification.
The Notch signalling pathway is necessary for specification of the prosensory domain
Two additional genes that are expressed in patterns that are largely consistent with a role in specification of prosensory patches are Jagged1 (Jag1, also referred to as Serrate1 in the chick) and Lunatic Fringe (Lfng; Adam et al., 1998; Cole et al., 2000) . Jag1 and Lfng are both components of the Notch signalling pathway, with Jag1 acting as a ligand for Notch, while Lfng modulates the activity of some notch ligands (Bruckner et al., 2000; Moloney et al., 2000) . Although both are initially expressed in more diffuse patterns in the otic cup, each ultimately resolves to the developing prosensory regions (Wu et al., 1996 , Morsli et al., 1998 Adam et al., 1998; Cole et al., 2000) . However, as was the case for Bmp4, Jag1 expression in the mammalian cochlea occurs in a more intriguing pattern. At E12, Jag1 expression in the cochlear duct extends from the modiolar edge of the duct to the mid-point along modiolar-to-strial axis (Morrison et al., 1999; Lanford and Kelley, 2005; . As discussed, this does not appear to correlate with the position of the prosensory domain. By E15, Jag1 expression is localized to the prosensory domain and by E17, Jag1 is expressed exclusively in supporting cells. This pattern of expression raises intriguing questions regarding the development of the cochlear duct and/or Jag1 expression. One possibility would be that individual cells in the modiolar half of the duct transiently express Jag1. Alternatively, Jag1 expressing cells located in the modiolar region of the duct could be relocated to a more strial region of the duct as a result of either morphogenetic changes in the duct itself or through individual cell movements. Pirvola et al. (2002) actually suggested the possibility of exactly this type of cell movements based on the phenotype in Fgfr1 mutant mice, however, cells exhibiting morphological characteristics consistent with migration or movement, such as cytoplasmic protrusions, have not been reported in Kolliker's organ. It is clear that further experiments, in particular cell lineage and fate mapping of different regions of the cochlear duct will be required to answer these questions.
The role of Notch signalling in the regulation of individual cell fates within individual prosensory domains is well established and will be discussed in a subsequent section. But more recent experiments have illuminated an additional, earlier, role for Notch signalling, in the specification of prosensory domains. In particular, analysis of inner ears from mice in which Jag1 has either been specifically deleted (Kiernan et al., 2006) , or made hypomorphic, reveals a decrease in the overall size of the sensory epithelia (Kiernan et al., 2001; Tsai et al., 2001; Kiernan et al., 2006) . In fact, in mice in which Jag1 had been specifically deleted beginning at the early otocyst stage using a FoxG1-dependent Cre expressing line, most of the vestibular organs, with the exception of the saccular maculae, are essentially absent and within the cochlea, a reduced number of mis-patterned hair cells are restricted to the apical region of the duct (Kiernan et al., 2006) . Similarly, deletion of Rbp-Jk, a transcriptional repressor that is required for all notch function (de la Pompa et al., 1997; Mizutani et al., 2001 ), leads to a complete absence of all vestibular epithelia and to a nearly complete loss of all cochlear hair cells as well (Yamamoto and Kelley, unpublished) . Finally, inhibition of γ-secretase activity, a component of the Notch signalling pathway, inhibits prosensory formation in the chick otocyst (Daudet et al., 2007) Conversely, over-expression of an activated form of chicken notch1, cnotch1-icd (notch-intracellular domain), in non-sensory regions of the chick otocyst leads to the formation of ectopic sensory patches (Daudet et al., 2005) . All of these results are consistent with a role for Jag1-dependent Notch activation in the specification of prosensory domains throughout the ear including the cochlear duct.
Despite the ability of over-expression of cnotch1-icd to induce ectopic sensory patches, it seems unlikely that notch1 is the endogenous receptor for this effect. This conclusion is based on the phenotype in mice in which Notch1 has been specifically deleted in the ear, again using the FoxG1-Cre line as a driver. In contrast with inner ear deletion of Jag1, inner ear deletion of Notch1 results in an over-production of hair cells in both the vestibular and cochlear epithelia (Kiernan et al., 2005a) . As will be discussed later, the mechanism for this effect is most likely related to the role of Notch signalling in the determination of individual cell fates within prosensory domains. This result suggests that one of the other Notch genes found in both birds (at least 2 additional notch genes) (Hayashi et al., 1996; Myat et al., 1996) and mammals (3 additional Notch genes)(reviewed in Katoh and Katoh, 2007) is probably responsible for mediating Jag1-induced prosensory determination. The induction of ectopic patches in response to expression of cnotch1-icd could suggest that induction of prosensory patches only requires an active notch signal and that a specific Notch protein is not required.
The phenotype in Notch1 mutants suggests that Notch1 is not involved in determination of prosensory domains. However, Notch1 is ubiquitously expressed throughout the otocyst beginning at the preplacode stage and extending through to cellular differentiation (Lindsell et al., 1996; Adam et al., 1998; Lanford et al., 1999; Groves and Bronner-Fraser, 2000) . Since Jag1 is capable of binding to and activating Notch1 (Hicks et al., 2000; Yang et al., 2005) , this suggests that Notch1 activity may be inhibited during the developmental period preceding the determination of individual cell types. The mechanism for this inhibition is unknown, but could be mediated through expression of Fringe genes. Fringe molecules are known to regulate the activity of Notch1 through glycosylation of the receptor leading to suppression of Jag1 induced Notch1 signalling (Hicks et al., 2000; Yang et al., 2005) . However, the ability of fringe molecules to suppress notch activation varies between the different notch and fringe molecules. Therefore, while Lunatic Fringe could inhibit Jag1-dependent activation of Notch1 signalling, Jag1 might still be capable of activating notch signalling through a different Notch receptor.
Deletion of Lfng has no obvious effect on inner ear development (Zhang et al., 2000) , suggesting potential functional or compensatory redundancy by Radical or Manic Fringe. In fact, Manic Fringe has been reported to be expressed in the otocyst in both zebrafish and mammals (Johnston et al., 1997; Qiu et al., 2004) , but functional redundancy has never been examined. In contrast with the Lfng mutants, there is an intriguing phenotype in animals with compound deletion of both Lfng and Jagged2 (Jag2). Deletion of Jag2 leads to an over-production of hair cells but deletion of both Jag2 and Lfng results in a partial rescue of the Jag2 phenotype (Zhang et al., 2000) . The basis for this effect has not been determined, but one possible explanation could be that the loss of Lfng results in ectopic activation of Notch1 through binding of Jag1 during early otocyst development. Since Notch1 appears to mediate an inhibitory pathway, ectopic activation of this pathway could lead to a reduction in the size of the prosensory domain. While this explanation would explain the phenotype that occurs in Jag2/Lfng double mutants, additional experiments are clearly required for confirmation.
Sox2 is necessary for formation of the prosensory domain
As discussed, activation of the notch signalling pathway is apparently necessary and sufficient to induce the formation of prosensory domains. Considering that the specific Notch molecule involved in prosensory specification has not been determined, it is not surprising that the downstream effectors of this pathway are unknown. However, recent results have suggested that the HMG-box transcription factor Sox2 is a likely target within this pathway. HMG-box transcription factors are known to play an important role in the development of neuronal lineages in all metazoans (Graham et al., 2003) and Sox2 expression in the mammalian inner ear initially correlates with the formation of prosensory domains before ultimately becoming restricted to supporting cells (Uchikawa et al., 1999; Neves et al., 2007) . Moreover, prosensory development is either absent or severely reduced in two Sox2 mutant lines . Lcc mice show a complete loss of Sox2 expression in the ear and a complete absence of prosensory domains while Ysb mice have a significant reduction in Sox2 expression in the ear and a corresponding reduction in the size of the prosensory domains. However, while no expression of Sox2 was observed in Lcc mice at E9.5, the mutation that leads to loss of Sox2 exclusively in the inner ear in this line is uncharacterized. Therefore, it is possible that a limited amount of Sox2 expression might have occurred at very early time points in otic formation.
Sox2 expression is missing in Jag1 conditional mutants (Kiernan et al., 2006) , suggesting that Jag1-notch signalling acts upstream of Sox2. The specific role of Sox2 in prosensory specification is unclear. Sox2 has been shown to be necessary for the transition from a proliferating neuroblast to a post-mitotic precursor in the developing CNS (Bylund et al., 2003; Graham et al., 2003) and loss of Sox2 in the inner ear does result in a disruption in the expression of at least one cell cycle regulator, p27 kip1 , that is known to play a role in prosensory terminal mitosis . However, appropriate assays have not been carried out to determine if loss of Sox2 leads to an increase in cellular proliferation within the prosensory domain.
An intriguing caveat in understanding the role of Sox2 in the ear is the observation that Sox2 expression is not restricted to prosensory domains but is also expressed in precursors of the developing cochlear and vestibular ganglia (Neves et al., 2007) . This observation suggests the possibility that Sox2 is not instructive for prosensory formation but instead might generate a level of competence that would make cells capable of responding to other inductive signals. Consistent with this suggestion, preliminary results from my laboratory suggest that expression of Sox2 is not sufficient to induce prosensory or hair cell fates in Kolliker's organ.
Tbx1 influences formation of prosensory domains
A final factor that plays a role in the formation of prosensory domains is the Brachyury related transcription factor, Tbx1. Tbx1 is initially expressed in a posterior-ventral region of the otocyst that correlates with the location of the first expression of Bmp4 (Raft et al., 2004) . However, expression of Tbx1 is significantly reduced by E12.5 and it is not clear if Tbx1 is ever expressed in the elongating cochlear duct. Deletion of Tbx1 leads to significant defects in development of inner ear sensory epithelia and to reduced Bmp4 expression. Similarly, human mutations in TBX1 lead to DiGeorge syndrome, in which hearing loss is prevalent (Vantrappen et al., 1998) . The lack of sensory epithelia in Tbx1 mutants, along with its early pattern of expression, is consistent with a role in prosensory specification. However, it is not clear whether Tbx1 plays a direct role in prosensory specification or acts indirectly through regulation of anterior-posterior patterning within the otocyst (Raft et al., 2004) . In fact, several markers of anterior-posterior identity are altered in Tbx1 mutants (Raft et al., 2004) , suggesting a role in otocyst axial patterning. Axial patterning markers are also altered in mice from a BAC transgenic line 316.23, in which TBX1 is broadly expressed throughout the otocyst and the size of sensory regions is increased. These results suggest that changes in the size of the sensory epithelia could be a result of axial re-specification. Therefore, at this point it would be appropriate to directly test the ability of Tbx1 to induce a prosensory domain through forced-expression of Tbx1 within Kolliker's organ.
Fgf signalling in prosensory development
A final signalling pathway that should be considered as possibly playing a role in prosensory formation is the fibroblast growth factor pathway. Fgfs comprise a family of 22 ligands but only 4 receptors (reviewed in Itoh and Ornitz, 2004) . Because Fgf signaling plays a key role in a number of different systems during early embryogenesis including early induction of the otocyst, the ears or entire embryos of many Fgf mouse mutants are disrupted well before cochlear formation (reviewed in . However, the role of Fgfr1 in inner ear development has been examined using both Fgfr1 hypomorphs and conditional deletion of Fgfr1 using FoxG1-Cre (Pirvola et al., 2002) . In each case, a dose dependent decrease in the size of the organ of Corti and the expression of Atoh1, was observed. In contrast, the vestibular system was normal. These results suggest a role for Fgfr1 in cochlear development, however because of a lack of appropriate markers at the time of this study, it is difficult to determine the specific role of Fgfr1. However, it should be noted that p75 ntr , which is initially expressed in a subset of cells within the cochlear prosensory domain is still expressed in Fgfr1 flox/ flox ;FoxG1 cre/+ mutants, suggesting that Fgfr1 might act downstream of prosensory formation. More recently, Millimaki et al. (2007) demonstrated that Fgf3 and Fgf8 are required for Atoh1 expression in the xebrafish otocyst, suggesting a role for the Fgf pathway in hair cell commitment.
Regulation of cell number within the cochlear prosensory domain
Following specification of the prosensory domain, a subsequent important step is regulation of the number of cells within this domain. In many developing neuronal systems, such as the spinal cord, the number of progenitors that are generated typically exceeds the final number of mature neurons and glial cells. As a result, unneeded progenitors are eliminated through apoptotic cell death (reviewed in Martin, 2001) . However, the level of apoptotic cell death observed within the cochlear prosensory domain is surprisingly small (Chen et al., 2002) , suggesting that elimination of unneeded progenitors does not occur. Therefore, regulation of the initial number of cells within the prosensory pool plays a key role in its development. As discussed above, the position of the boundaries of the prosensory domain are determined through a number of still poorly understood molecular signalling pathways. In addition, since prosensory domain formation occurs prior to terminal mitosis, the onset of expression of cell cycle regulators is used as a second regulatory mechanism. In particular, the cyclin kinase inhibitor p27 kip1 is initially expressed in the cochlea duct beginning at E12.5 in a pattern that foreshadows the apical-to-basal gradient of terminal mitosis (Chen and Segil, 1999; Lee et al., 2006) . Initially, p27 kip1 is expressed in all prosensory cells, but by the late embryonic period expression is restricted to developing support cells. Consistent with a role in cell cycle exit, deletion of p27 kip1 leads to a brief extension in cellular proliferation and to the generation of supernumerary hair cells and supporting cells (Chen and Segil, 1999; Lowenheim et al., 1999) . The presence of supernumerary cells within the cochleae of p27 kip1 mutants supports the hypothesis that apoptotic cell death does not play a significant role in development of cellular patterning within the organ of Corti.
A second cell cycle inhibitor, the pocket protein pRb, also regulates terminal mitosis within the cochlear duct. However, pRb expression is apparently delayed relative to p27 kip1 , with an onset beginning around E15.5 (Mantela et al., 2005) . Moreover, expression of pRb occurs in a basal-to-apical gradient that runs counter to the apical-to-basal gradients of p27 kip1 expression and terminal mitosis (Mantela et al., 2005) . Finally, the cellular distribution of pRb is unresolved. While both Mantela et al. (2005) and Sage et al. (2005) reported weak expression of pRb protein in most cells within the cochlea at E12.5, at later time points Sage et al. reported expression of pRb in both hair cells and supporting cells, while Mantela et al. only observed pRb expression in hair cells. However, the importance of pRb was demonstrated in studies that utilized either cre-lox (pRb flox/flox ;Col1A1 Cre/+ ) or hypomorphic (mgRb:Rb -/-) rescue strategies to generate pRb mutant mice that survive until birth (Sage et al., 2005; Mantela et al., 2005) . Interestingly, both studies reported proliferation defects that were consistent with their observed patterns of expression. Sage et al. reported ongoing proliferation of both hair cells and supporting cells within the cochlea, while Mantela et al. only observed proliferation in hair cells. However, in both studies, a large overproduction of both hair cells and supporting cells was observed. The increased number of supporting cells supports the conclusions of Sage et al. (2005) , however it is also possible that the additional supporting cells arose as a result of recruitment from surrounding supernumerary hair cells. Additional studies will be required to resolve the different conclusions from these two studies, at least some of which may be accounted for based on the different strategies used to generate the pRb mutants.
In addition to over-production of hair cells, Mantela et al. (2005) also reported a marked increase in apoptotic hair cell death in mgRb:Rb -/-mice between E17.5 and E18.5. The basis for this cell death was not clear. Inactivation of pRb has been shown to directly induce apoptosis through the E2f1/p53/Apaf1 pathway (Morgenbesser et al., 1994; MacLeod et al., 1996; Tsai et al., 1998) but deletion of E2f1 or Apaf1 in the mgRb:Rb -/-background did not abrogate apoptosis, suggesting that other aspects of pRb deletion are responsible for the induction of cell death. Sage et al. (2005) reported no increase in apoptotic cell death in the cochlea in their initial study, but did observe apoptosis in a follow-up study using an alternative Cre-driver (Sage et al., 2006) .
Finally, two additional CKIs, p21 cip1 and p19 ink4d , are also expressed in the prosensory domain beginning between E14.5 and E16.5 Laine et al., 2007) . Surprisingly, deletion of both genes does not affect the initial pattern of terminal mitosis or cellular differentiation (Laine et al., 2007) . However, while deletion of p21 cip1 has no apparent effect of maintenance of mitotic quiescence (Laine et al., 2007) , loss of p19 ink4d results in an increasing rate of spontaneous hair cell mitoses beginning in the postnatal period . Deletion of both p19 ink4d and p21 cip1 results in abrupt initiation of mitosis in hair cells beginning on P3 (Laine et al., 2007) . In both p19 ink4d and p19 ink4d; p21 cip1 double mutants, cell cycle re-entry is followed by cell death, suggesting that activate proliferation is not compatible with hair cell function Laine et al., 2007) .
Overall, the results of these studies demonstrate at least two important roles for cell cycle control in cochlear development. First, the timing of terminal mitoses acts as a regulatory mechanism to control the total number of cells within the prosensory domain. As discussed, since naturally occurring apoptotic cell death is rare within the prosensory domain, regulation of cell number is a key mechanism in the determination of prosensory size. Second, maintenance of the post-mitotic state appears to be required for hair cell survival and function and multiple cell cycle inhibitors are expressed within hair cells to ensure mitotic quiescence.
Finally, the unique apical-to-basal patterns of expression of p27 kip1 and of terminal mitosis highlight one of the more intriguing aspects of cochlear development. As will be described in the next section, the onset of cellular differentiation in the cochlea also occurs in a gradient that extends along the cochlea, but in this case, it is a basal-to-apical gradient that begins around E14.5 and is not completed until E16.5. As a result, prosensory cells located in the apex of the cochlea become post-mitotic on E12.5 but do not begin to differentiate for another 4 days. In most developing systems there is a very close relationship between cell cycle exit and onset of differentiation (reviewed in Gotz and Huttner, 2005; Nguyen et al., 2006) . In fact, bHLH genes have been shown to concurrently antagonize cellular proliferation and induce cellular commitment and differentiation (Farah et al., 2000; Le et al., 2006; Battiste et al., 2007) . Therefore, the presence of uncommitted, post-mitotic prosensory cells represents the maintenance of a relatively rare cellular state. The factors that mediate this status and, more importantly, the biological basis for their existence remain to be determined.
Specification of individual phenotypes within the cochlear prosensory domain

Atoh1 is a commitment factor for the hair cell fate
Following specification of the prosensory domain, individual prosensory cells must become determined to develop as all of the unique cell types within the organ of Corti. The first step in this process is presently thought to be the onset of expression of the basic helix-loop-helix transcription factor, Atoh1 (formerly Math1), which is initially expressed in a relatively broad and diffuse stripe of cells that begins in the base of the cochlea around E12.5 and extends rapidly towards the apex (Lanford et al., 2000; Woods et al., 2004) . Within this stripe, Atoh1 is weakly expressed in cells located throughout the thickness of the epithelium between the basement membrane and the lumenal surface. As development continues, individual cells with increased levels of Atoh1 expression can be identified within the initially diffuse stripe (Woods et al., 2004) . By E16, cells that strongly express Atoh1 can be identified as developing hair cells while intervening, Atoh1-negative cells will develop as supporting cells. Based on this pattern of expression, Atoh1 is the earliest expressed gene that ultimately becomes restricted to hair cells. It should be noted that some controversy exists regarding the timing and pattern of expression for Atoh1. The pattern described above is based on studies using an Atoh1 knock-in reporter mouse or in situ hybridization. However, an Atoh1 transgenic reporter mouse and immunohistochemistry have indicated that Atoh1 expression does not begin until E14 and is restricted to developing hair cells (Chen et al., 2002; Fritzsch et al., 2005) . Finally, PCR amplification was used in a recent study to demonstrate that transcripts for Atoh1 are present within the otocyst at E11.5 . However, since vestibular sensory epithelia were also present in these samples, it was not possible to draw a conclusion regarding expression of Atoh1 in the cochlea at this time point. The reasons for the observed differences in the timing and pattern of Atoh1 expression are not entirely clear. The delay between detection of promoter activity and mRNA versus protein could be a result of a delay in translation or of limited antibody sensitivity. If the antibody has a limited level of sensitivity, then it might only be detectable in cells with high levels of Atoh1 expression. For the transgenic Atoh1 reporter, the delay appears to be a result of the fact that the transgenic construct does not include all of the Atoh1 promoter elements and in particular lacks the promoter regions that regulate initial expression of Atoh1 (Lumpkin et al., 2003) . However, it is also possible that the results analyzing promoter activity and mRNA could include either non-specific expression of β-galactosidase in the case of the reporter mouse line or difficulties in discriminating between low levels of Atoh1 mRNA and background levels of alkaline phosphatase activity in the case of in situ hybridization. Clearly, lineage tracing utilizing an Atoh1-Cre knockin mouse should be conducted to resolve issues regarding the initial extend of Atoh1 expression. Similar experiments have been conducted using an Atoh1-Cre transgenic line , but since this construct also lacks the full complement of Atoh1 promoter elements, the results have the same limitations as the transgenic reporter line discussed above. Even so, the results of these lineage experiments indicated expression of Atoh1 in some types of supporting cells, consistent with the idea that the initial pattern of Atoh1 expression is not limited to hair cells.
The contrasting data regarding the pattern and timing of expression of Atoh1 has lead to multiple hypotheses regarding the specific role of Atoh1. Based on a broader pattern of expression plus the role of the related molecule atonal in Drosophila, Lanford et al. (2000) suggested that Atoh1 acts as a prosensory gene that specifies the population of prosensory cells. In contrast, the more limited pattern of Atoh1 expression observed by antibody labeling lead to the hypothesis that Atoh1 acts exclusively as a hair cell differentiation factor . The phenotype in mice with a targeted deletion of Atoh1, which includes a complete absence of hair cells and supporting cells within the cochlea (although some supporting cells, or supporting cell-like cells persist in the vestibular epithelia) is more consistent with a prosensory role, but this phenotype could also be explained by a role for hair cells in supporting cell formation (Woods et al., 2004) . In contrast, the expression patterns of Sox2 and p27 kip1 , both of which are expressed throughout the prosensory domain, are unaffected in Atoh1 mutants, suggesting that Atoh1 does not play a role in prosensory formation.
To address the role of Atoh1 directly, several laboratories forced cells within Kolliker's organ to express Atoh1. demonstrated that continuous expression of Atoh1 leads to the formation of ectopic hair cells in Kolliker's organ in neonatal rat cochlear explant cultures. Woods et al. (2004) transiently expressed Atoh1 in clusters of cells within Kolliker's organ to test the hypothesis that transient activation was sufficient to induce prosensory identity. Although transient activation of Atoh1 was found to be sufficient to induce clusters of cells that included hair cells and supporting cells, subsequent experiments demonstrated that the presence of hair cells is sufficient to induce neighboring cells within Kolliker's organ to develop as supporting cells. Expression of Atoh1 is not required in these neighboring cells, suggesting that while Atoh1 may be expressed in cells that ultimately develop as supporting cells, that expression is not required for those cells to assume a supporting cell fate. Based on these results, Woods et al. (2004) suggested that Atoh1 acts as a hair cell commitment specification factor that, upon expression in the inner ear, acts to launch a molecular program that, if unabated, will ultimately drive a prosensory cell to develop as a hair cell.
The demonstration that cells within Kolliker's organ can be induced to develop as either hair cells, through the expression of Atoh1, or supporting cells, through proximity to a hair cell, suggests that the concept of the prosensory domain as uniquely competent to develop as hair cells and supporting cells may not be correct. Instead, prosensory domains may represent regions within the inner ear that are more permissive for or have a higher likelihood of developing as sensory epithelia. Alternatively, regions of the inner ear that do not develop as sensory may be influenced by inhibitory signals that normally prevent cells in these regions from acquiring either a prosensory or a hair cell fate. Finally, it is also possible that Kolliker's organ represents a unique cellular population that retains an increased ability to develop as prosensory cells. The basis for this ability is unclear, but could be related to the evolutionary history of this region of the cochlear duct.
The results presented above highlight the crucial role of Atoh1 in the formation of hair cells and the organ of Corti. If Atoh1 is initially expressed weakly throughout the prosensory domain, as appears to be the case using some assays, then this expression probably leads to the initial commitment of all of these cells to a hair cell fate and therefore necessitates subsequent cell-cell interactions to limit the number of prosensory cells that ultimately develop as hair cells.
However, a recent paper has cast some doubt on the belief that Atoh1 is absolutely required for hair cell formation. Du et al. (2007) generated chimeric mice from wildtype (WT) and Atoh1 -/-cells. As would be expected, hair cells derived from WT cells were observed in the inner ears of these animals. But surprisingly, Atoh1 -/-cells were also observed to develop as hair cells. This result suggests that while Atoh1 is required for hair cell formation, that requirement may be relieved by the presence of existing hair cells. An explanation for how such a rescue of the hair cell fate might occur is not obvious, but one possibility would be that existing hair cells are able to induce other cells to activate the hair cell commitment or differentiation program downstream from Atoh1.
Id and notch signaling act to limit Atoh1 expression and hair cell formation
Atoh1 is a member of the ancient family of bHLH transcription factors (Jones, 2004; Rebeiz et al., 2005) . Multiple studies in other systems, in particular Drosophila nervous system, have established specific inhibitory interactions between bHLH molecules and several other signaling pathways. Among these are the notch and id pathways, both of which have been shown to regulate Atoh1 expression in the ear. Ids (Inhibitors of differentiation and DNA binding) are HLH molecules that are closely related to bHLHs in structure but lack the basic domain (reviewed in Norton, 2000; Perk et al., 2005) . In order to regulate transcription, bHLH molecules must first form heterodimers with ubiquitously expressed bHLHs, referred to as E-proteins (E2-2, HEP, E12 and E47), through their HLH domains. Following heterodimerization, the basic domains bind to specific DNA recognition sites. Ids lack the basic domain and so are incapable of binding DNA, but act as antagonists of bHLHs through competition for and sequestration of E-proteins. During embryogenesis, Id expression typically decreases around the time that progenitor cells exit the cell cycle and begin to differentiate, a pattern that is consistent with a role in regulating the timing of differentiation (Jen et al., 1996; .
Within the cochlea, three of the four Id genes, Ids1,2 and 3 are broadly expressed between E12 and E14 (Jen et al., 1996; Jones et al., 2006) . However, by E16, expression of all three Id genes is down-regulated in developing hair cells (Jones et al., 2006) . The down-regulation of Id expression correlates with the increase in Atoh1 expression in the same cells and suggests that loss of Id expression could result in the increase in Atoh1 expression that is observed in developing hair cells about this same time. Consistent with this hypothesis, greater than 90% of prosensory cells that are forced to maintain expression of Id3 beyond the time of down-regulation develop as supporting cells (Jones et al., 2006) . In contrast, only 50% of prosensory cells forced to express a control vector develop as supporting cells.
The notch signaling pathway was discussed at length in the section on prosensory determination as a positive regulator of prosensory fate. However, classic notch signaling has been more commonly associated with inhibitory interactions in which activation of notch prevents progenitor cells from assuming a preferred or "primary" cell fate (reviewed in Ehebauer et al., 2006) . Since both notch ligands and receptors are membrane bound, this signaling interaction has often been associated with the formation of cellular mosaics. Based on these results, it is not surprising that notch signaling plays a crucial role in the formation of the cochlear mosaic. Expression studies demonstrated that Notch1 is broadly expressed within the cochlear duct, including the prosensory domain (Lanford et al., 1999) . As cells begin to develop as hair cells, those cells up-regulate expression of two notch ligands, Jagged2 (Jag2) and Delta-like 1 (Dll1) with the first signs of ligand expression occurring around E14 in the basal region of the cochlea and subsequently extending towards the apex (Lanford et al., 1999; Morrison et al., 1999) . Within 24 hours of ligand expression, activated Notch1 is observed in adjacent cells as well as expression of at least two notch target genes, HES1 and HES5 Zine et al., 2001; Lanford et al., 2000) . Cells that express HES1 or HES5 will develop as supporting cells. Two other notch target genes, Hey and HeyL may also be expressed in supporting cells but their patterns within the cochlea have not been determined yet.
This pattern of expression is completely consistent with notchmediated lateral inhibition and suggests that developing hair cells inhibit their neighbors from assuming the same fate. There is a large amount of data from developing embryonic mouse cochlea and both developing and regenerating chick basilar papilla that supports this hypothesis. In both systems, ablation of developing or existing hair cells allows neighboring, non-hair cells, to change their fates and to develop as replacement hair cells (Kelley et al., 1995; Adler et al., 1996; Roberson et al., 1996; Roberson et al., 2004; Duncan et al., 2006) . At a molecular level, the data is consistent with the hypothesis that notch signaling acts to downregulate the weak expression of Atoh1 that is initially observed in prosensory cells. In particular, deletion of Notch1, Jag2, Dll1, HES1 or HES5 leads to an over-production of hair cells (Lanford et al., 1999; Zine et al., 2001; Keirnan et al., 2006) . Moreover, compound deletion of Jag2 and Dll1 results in a larger over-production than either of the single mutants, suggesting an additive effect (Kiernan et al., 2006) . Deletion of other genes that regulate Notch signaling, such as Rbp-J (Yamamoto et al., 2006) or COUP-TFI (Tang et al., 2006 ) also lead to increased production of hair cells. Finally, the initial expression of Atoh1 appears unaffected in Jag2 mutants but a greater number of cells remain Atoh1 positive after the normal onset of Jag2 (Lanford et al., 2000) , suggesting that the role of notch signaling is to inhibit Atoh1. This hypothesis is also supported by the demonstration that co-expression of HES1 is sufficient to inhibit the ability of Atoh1 to induce hair cells in Kolliker's organ and by the observation that transient activation of Atoh1 in clusters of Kolliker's organ cells leads to activation of the notch pathway (Woods et al., 2004) .
The results discussed above suggest that the sorting of prosensory cells into hair cells and supporting cells occurs through the following interactions. Initially all prosensory cells initiate weak expression of Atoh1, which, if unabated, will lead to hair cell development. At the same time, these same cells are positive for Ids 1,2,3. The presence of Ids prevents Atoh1 from binding to Eproteins and activating transcription of hair cell specific genes. In addition, Atoh1 has been shown to promote its own transcription (Helms et al., 2000) , so Id expression may also prevent the activation of a positive feedback loop for Atoh1. Shortly after the onset of Atoh1 expression, Id expression is down-regulated in a subset of cells within the prosensory domain. The factors that mediate this down-regulation in only a small set of cells are unknown. However, once Ids are down-regulated in these cells, repression of the Atoh1 positive feedback loop is removed and these cells are able to increase their level of Atoh1 expression. Among the initial targets of this increased Atoh1 expression are the notch ligands Jag2 and Dll1. Expression of these ligands in developing hair cells leads to activation of Notch1 and expression of the down-stream targets HES1 and HES5 in neighboring cells. The combination of Id expression along with HES1/5 is sufficient to extinguish Atoh1 expression and hair cell commitment in these cells.
Development of supporting cells
As a result of the Atoh1/Id/Notch signaling interactions described above, cells within the prosensory domain reach a point in which either Atoh1 expression is climbing and the cells are in the process of developing as hair cells or Atoh1 expression is falling or lost, resulting in loss of hair cell commitment. It is this second population of cells that is assumed to develop as supporting cells. The factors that induce these cells to assume a supporting cell fate are still largely unknown. However, ectopic hair cells located in Kolliker's organ recruit surrounding cells to develop as supporting cells, demonstrating that hair cells generate inductive signals for supporting cell development (Woods et al., 2004) .
The molecular nature of the inductive signals for general supporting cell development has not been determined. However, there is evidence for a role for the fibroblast growth factor signaling pathway in the development of pillar cells, a unique supporting cell type within the organ of Corti. Fgfr3 is initially expressed in a population of cells within the cochlear prosensory domain beginning on E15.5 (Peters et al., 1993; Pirvola et al., 1995 , Mueller et al., 2002 . The expression domain of Fgfr3 appears to include cells that will develop as pillar cells, outer hair cells and Deiters' cells, although definitive lineage tracing has not been conducted. The medial boundary of this domain is fairly sharp and is located directly adjacent to the developing inner hair cells. Deletion or inhibition of Fgfr3 signaling leads to a disruption in both the commitment and differentiation of pillar cells (Colvin et al., 1996; Mueller et al., 2002; Puligilla et al., 2007) . In particular, many inner pillar cells are absent, suggesting a defect in commitment, while outer pillar cells are present, but appear undifferentiated (Puligilla et al., 2007) . In contrast, deletion of Sprouty2, an Fgfr antagonist that is expressed in a pattern similar to Fgfr3, results in the formation of additional pillar cells (Shim et al., 2005) . Finally, Fgf8, an Fgf with a high binding affinity for Fgfr3, is initially expressed exclusively in developing inner hair cells beginning on E15.5, suggesting an inductive interaction between inner hair cells and adjacent progenitor cells (Pirvola et al., 2002; Jacques et al., 2007) . Consistent with this hypothesis, conditional deletion of Fgf8 also results in defects in pillar cell development, although the phenotype is somewhat less severe than in Fgfr3 mutants (Jacques et al., 2007) . Moreover, increased levels of Fgf8 result in increased expression of pillar cell markers in cells within the Fgfr3 expression domain (Jacques et al., 2007) .
In addition to a decreased number of pillar cells, cochleae from Fgfr3 mutant mice also contain a significantly greater number of outer hair cells, suggesting that Fgfr3 might also act to inhibit hair cell formation, possibly in the region between the inner and outer pillar cells (Puligilla et al., 2007) . Analysis of changes in gene expression indicated an increase in Bmp4 signaling in Fgfr3 mutant cochleae and in vitro experiments demonstrated that Bmp4 acts to induce outer hair cell formation. These results provide intriguing data suggesting that Fgf and Bmp signaling pathways might interact within the pillar cell/outer hair cell domain to accurately pattern this region of the organ of Corti.
Summary
As the cochlear duct extends, its floor becomes partitioned into three regions, a central prosensory domain and two non-sensory flanking domains. Our understanding of the factors that specify the prosensory domain remains limited, but activation of the notch signaling pathway and the transcription factor Sox2 play important roles. Within the prosensory domain, expression of Atoh1 initiates a genetic program that, if unabated, will ultimately lead to the development of a hair cell. However, as a result of cellular and genetic interactions involving the Id and notch signaling path- ways, only a subset of cells within the prosensory domain are able to develop as hair cells. Other prosensory cells are diverted from the hair cell fate and are subsequently induced to develop as supporting cells (Fig. 4) .
From this summary it is clear that our understanding of the development of the organ of Corti has improved dramatically in the last 10 years. But it should be emphasized that at this point we have only elucidated general signaling interactions that apply to essentially all hair cell epithelia. With the exception of Fgf signaling, the interactions and molecules that regulate the development of the many unique aspects of the organ of Corti, such as the development of inner and outer hair cells and the alignment of cells into ordered rows, remain unknown. Hopefully the continuing examination of the effects of different genetic mutants on cochlear development and the development of better and more specific mouse lines for inner ear or cochlear specific genetic deletion will result in a better understanding of how this fascinating structure develops.
